Addressing the Majorana vs. Dirac Question Using Neutrino Decays by Kayser, Boris
ar
X
iv
:1
80
5.
07
52
3v
1 
 [h
ep
-p
h]
  1
9 M
ay
 20
18
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Theoretical Physics Department, Fermilab, P.O. Box 500, Batavia, IL 60510 USA
We explain why it is so hard to determine whether neutrinos are Majorana or Dirac particles
as long as the only neutrinos we study are ultra-relativistic. We then show how non-relativistic
neutrinos could help, and focus on the angular distributions in the decays of an as-yet-to-be-
discovered heavy neutrino N . We find that these angular distributions could very well tell us
whether neutrinos are Majorana or Dirac particles.
One of the most basic questions about the neutrinos is whether every neutrino mass eigen-
state is a Majorana particle (that is, identical to its antiparticle), or a Dirac particle (that is,
distinct from its antiparticle). Determining whether neutrinos are Majorana or Dirac particles
experimentally is very challenging. To understand why, let us note first that all the neutrinos
we have been able to study directly so far have been ultra-relativistic. As an example, let us
consider the neutrinos from pion decay. The decay π+ → µ+ + νµ produces a neutrino νµ that
is not only ultra-relativistic but also of essentially 100% left-handed helicity. Correspondingly,
the decay π− → µ− + νµ produces an ultra-relativistic neutral lepton that is an antineutrino if
indeed antineutrinos are distinct from neutrinos, and that is of essentially 100% right-handed
helicity. Now, suppose the neutral lepton from a π → µν decay undergoes a charged-current
weak interaction with some target, producing an outgoing muon in the process. The Standard
Model (SM) Lagrangian density describing this interaction is
LCC ∝ µ¯γ
λ (1− γ5)
2
νµJλ + νµγ
λ (1− γ5)
2
µJ†λ , (1)
where Jλ is a current that pertains to the target. As we know, the field µ in this Lagrangian
creates only a µ+, not a µ−, while the field µ¯ creates only a µ−, not a µ+. Similarly, in the
Dirac case, the field νµ absorbs only a neutrino, while νµ absorbs only an antineutrino. Thus,
in the Dirac case, only the first term on the right-hand side of Eq. (1) can absorb the neutral
lepton from the decay π+ → µ++νµ, so only a µ
−, not a µ+, can be produced in the interaction.
Similarly, only the second term can absorb the neutral lepton from π− → µ−+νµ, so only a µ
+,
not a µ−, can be produced. The lepton number L that distinguishes antileptons from leptons is
conserved.
In the Majorana case, both the fields νµ and νµ can absorb a neutrino. However, owing to
the left-handed chiral projection operator (1 − γ5)/2, when the neutrino is ultra-relativistic in
the rest frame of the target, only the first (second) term on the right-hand side of Eq. (1) can
absorb it if it is of ∼ 100% left-handed (right-handed) helicity. Thus, only a µ− (µ+) will be
produced if the neutrino is from π+ (π−) decay. That is, the result of the interaction with the
target will be identical to what it is in the Dirac case.
As this example illustrates, in almost all circumstances, when neutrinos are ultra-relativistic,
helicity is a substitute for the lepton number L. Whether there is a conserved lepton number
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(Dirac case) or not (Majorana case) makes no practical difference. Majorana and Dirac neutrinos
behave indistinguishably.
In contrast, non-relativistic Majorana and Dirac neutrinos can behave quite differently. To
illustrate, let us consider an electron neutrino that is non-relativistic in the rest frame of some
target. Suppose this neutrino initiates on the target an exothermic reaction in which a charged
lepton is produced. The SM Lagrangian for this reaction, similar to that in Eq. (1), is
LCC ∝ e¯γ
λ (1− γ5)
2
νeJλ + νeγ
λ (1− γ5)
2
eJ†λ . (2)
If the incoming neutrino is a Dirac particle tagged as a neutrino rather than an antineutrino by
the process that created it, it can be absorbed only by the first term on the right-hand side of
Eq. (2), and consequently it can produce only an electron, not a positron. However, if it is a
Majorana neutrino, then regardless of how it was created, and regardless of its helicity, it can
be absorbed by either of the terms on the right-hand side of Eq. (2). The left-handed chiral
projection operator (1− γ5)/2 does not significantly suppress the absorption of non-relativistic
neutrinos of either helicity by either of these two terms. Thus, a Majorana neutrino can produce
either an electron or a positron.
The observation that non-relativistic Majorana and Dirac neutrinos can behave quite dif-
ferently leads us to wonder if nature contains a so-far-undiscovered heavy neutrino N whose
decays could be studied. After all, in its rest frame—the natural frame in which to consider
its decays—a neutrino is completely non-relativistic. The observation at a hadron collider of a
lepton-number-nonconserving sequence such as
quark + antiquark→ W+ → N + µ+ ,
|−→ e+ + π− (3)
which is forbidden if N is a Dirac particle, would signal that the neutrinos, including N , are
Majorana particles. However, if the N is created at a neutrino oscillation experiment, lepton-
number violation such as in the sequence (3) may be impossible to detect because the detector
may not be able to tell whether a charged particle is positive or negative. Thus, it is quite
interesting that the Majorana or Dirac character of neutrinos could also be revealed by the
angular distribution of the particle X in a decay of the form N → ν + X. Here, ν is one of
the established light neutrino mass eigenstates, ν1, ν2, or ν3, and X is a self-conjugate boson:
X¯ = X. Depending on the mass of N, X could be, for example, a γ, π0, ρ0, Z0, or the Higgs
boson H0, and we shall consider these five cases 1.
For each of the decay modes under consideration, the decay rate Γ(N → ν+X) will be twice
as big if N and ν are Majorana particles as it will be if they are Dirac particles 2. However,
this difference may not be too useful, because the decay rate also depends on unknown mixing
angles. Therefore, we turn to the decay angular distribution in the N rest frame. We assume
that the mechanism that produces the N leaves it fully polarized, with its spin vector ~s pointing
in a space-fixed direction we shall call the +z direction. We denote the X and ν helicities by
λX and λν , respectively, and define λ ≡ λX − λν . The quantity λ is the projection ~Jfinal · pˆ of
the total final-state angular momentum ~Jfinal along the direction pˆ of the outgoing particle X.
From rotational invariance alone, it follows that the differential decay rate for N → ν +X
is given as a function of the angle θ between pˆ and ~s by
dΓ(N → ν +X)
d(cos θ)
=
Γλ=+1/2
2
(1 + cos θ) +
Γλ=−1/2
2
(1− cos θ)
=
Γ0
2
(1 + α cos θ) ; −1 ≤ α ≤ +1 . (4)
Here, Γλ=+1/2 and Γλ=−1/2 are the rates for decay into all the final states with λ = +1/2,
and all those with λ = −1/2, respectively. Γ0 = Γλ=+1/2 + Γλ=−1/2 is the total decay rate for
N → ν + X, and α = (Γλ=+1/2 − Γλ=−1/2)/(Γλ=+1/2 + Γλ=−1/2) is the asymmetry parameter
for this decay.
To an excellent approximation, the heavy neutrino decay N → ν + X is described by an
amplitude 〈X(pˆ, λX) ν(−pˆ, λν)|H|N(~s)〉 that is first order in some Hermitean Hamiltonian H.
If N and ν are Majorana particles, so that every participant in the decay N → ν + X is a
self-conjugate particle, CPT plus rotational invariance implies that
|〈X(pˆ, λX) ν(−pˆ, λν)|H|N(~s)〉|
2 = |〈X(−pˆ,−λX) ν(pˆ,−λν)|H|N(~s)〉|
2 . (5)
This relation, summed over all Xν final states with λ = λX − λν = +1/2, implies that in
Eq. (4), Γλ=+1/2 = Γλ=−1/2. This, in turn, implies that α = 0. That is, the angular distribution
is isotropic. It is to be emphasized that this isotropy is a consequence of CPT and rotational
invariance alone. It does not depend on any further details of the interactions driving the decay.
For this isotropy in the Majorana case to be a useful probe of whether neutrinos are of
Majorana or Dirac character, the decay angular distribution must be non-isotropic in the Dirac
case. In contrast to the Majorana case, in the Dirac case the decay angular distribution does
depend on the interaction. We assume that whenX = γ, the decay is driven by effective neutrino
transition magnetic and electric dipole moments µ and d. When X = π0 or ρ0, we take the
decay to be dominated by a virtual Z0 that emerges via a SM coupling from the neutrino line
and becomes the X particle. Finally, when X = Z0, the Z0 is simply emitted via a SM gauge
coupling from the neutrino line, and when X = H0, the H0 is emitted via a Yukawa coupling
from the neutrino line.
As desired, these processes do lead to non-isotropic angular distributions if neutrinos are
Dirac particles. This is nicely illustrated by the decay N → ν + π0. Driven by an intermediate
Z0 exchange, this decay has, in the Dirac case, an amplitude proportional to
u¯ν/ppi
(1− γ5)
2
uN = mN
[
(1− γ5)
2
uν
]†
γ0uN . (6)
Here, uν and uN are Dirac wave functions for the neutrinos, ppi is the pion momentum, and
mN is the N mass. So long as mN is not extremely close to the pion mass, the ν will be
ultra-relativistic in the N rest frame. Consequently, the left-handed chiral projection operator
(1 − γ5)/2 acting on uν will allow only a ν of left-handed helicity to be emitted. That is, only
decays with λ ≡ λX − λν = λpi0 − λν = +1/2 will be allowed. Hence, from Eq. (4), in the Dirac
case,
dΓ(N → ν + π0)
d(cos θ)
∝ (1 + cos θ) . (7)
Given that the asymmetry parameter α in the decays N → ν +X must satisfy −1 ≤ α ≤ +1
(see Eq. (4)), the angular distribution of Eq. (7) is as far from isotropy as it is possible to get.
We find by explicit calculation that in the Dirac case, the asymmetry parameter α in the
angular distribution
dΓ(N → ν +X)
d(cos θ)
=
Γ0
2
(1 + α cos θ) (8)
is as given in Table 1 for X = γ, π0, ρ0, Z0, and H0. From Table 1 we see that, except
in unlikely special circumstances such as m2N = 2m
2
ρ, α is not zero. That is, the angular
distribution is not isotropic, in contrast to its isotropy in the Majorana case. Moreover, once
mN has been measured, the value of α in the Dirac case will be known for four of the five
possible decays we have considered. Thus, the decay angular distributions of a heavy neutrino
could be a quite fruitful probe of the Majorana vs. Dirac question.
Does a heavy neutrino actually exist? Such a neutrino is being sought at CERN 3. The
potential for the Fermilab Short Baseline Neutrino program to discover such a neutrino through
its decays has been considered by Ballett, Pascoli, and Ross-Lonergan4. Some of the physics of
such a neutrino has been discussed by Hernandez et al. 5 and by Caputo et al. 6.
Table 1: The asymmetry parameter α in the angular distribution of the particle X from the decay N → ν +X
when N and ν are Dirac particles. The quantitiesmN , mρ andmZ are the masses of the N, ρ, and Z, respectively.
X γ pi0 ρ0 Z0 H0
α
2ℑm(µd∗)
|µ|2+|d|2
1
m2N−2m
2
ρ
m2N+2m
2
ρ
m2N−2m
2
Z
m2N+2m
2
Z
1
In summary, we conclude that if a heavy neutrino is discovered, the angular distributions in
its decays could tell us whether neutrinos are Dirac or Majorana particles.
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